Are rapid-mixing tanks with intense mixing necessary? Intense mixing applies to the coagulation mechanism of charge-neutralization of negatively-charged particles, but this is not a common 
INTRODUCTION
The term rapid mixing (sometimes called flash mixing) has been used in water treatment practice for the last 50 years to describe the process of coagulant addition. Furthermore, it is usually stated that the mixing must be intense or violent and of short duration. A rapid-mixing tank with mechanical mixers is often depicted as the means to accomplish this process.
Ca(OH) 2 ), disinfectants (chlorine, chlorine dioxide), fluoride, and corrosion inhibitors. Why then do we often build rapid-mixing tanks and install mechanical mixers for coagulant addition? It turns out that intense mixing is not necessary except for one type of coagulation mechanism, and the use of intense mixing has contributed to a misunderstanding of how coagulation works. It has also led to water plants using more mechanical energy than necessary. When the coagulation mechanism involves precipitation of the metal coagulant, which is typically the case, then the chemical conditions are important and intense mixing is not required. The objective for coagulant addition (mixing) is simply to achieve a uniform concentration of coagulant in a short time within the flow undergoing treatment, and high-mixing intensity is not necessary.
The objectives of the paper are: (1) to show that the coagulation mechanism of charge-neutralization of particles that calls for intense mixing conditions has limited application, and (2) to show that there are alternatives to rapid-mixing tanks such as various hydraulic methods or the use of open-channel static mixers that provide adequate mixing conditions for coagulant addition. The paper is laid out in the following manner. First, the basic equations describing mixing intensity are presented.
A short section follows on the practice of coagulant mixing. Third, coagulation mechanisms and mixing theory are described and evaluated. Fourth, an evaluation of mixing intensity is presented for rapid-mixing tanks and for hydraulic methods of coagulant mixing. Finally, several important conclusions and applications to water treatment practice are listed.
BASIC EQUATIONS FOR DESCRIBING MIXING INTENSITY
In water treatment practice, Camp's root-mean-square velocity gradient (G) is used to characterize mixing intensity (Camp & Stein ) . It is a global measure of mixing, and thus does not account for the considerable variation in mixing that occurs within the system. Camp developed G for characterizing mixing for various applications including rapid mixing with mechanical mixers, rapid mixing produced through changes in hydraulic head, and for flocculation tanks.
Rapid-mixing tanks
Equation (1) has general application for characterizing mixing intensity. Here, we apply Equation (1) for evaluation of rapid-mixing tanks and so the power input (P) is that supplied by mechanical mixers -actually, it is the energy dissipation rate or power transferred to the water. formed from turbulent mixing, and the energy is transferred from larger eddies to smaller ones until energy dissipation occurs through viscous forces as depicted in Figure 1 . The Kolmogorov theory relates the averagelength eddy scale (η) through Equation (2) and the average-time scale (τ η ) through Equation (3) to the kinematic viscosity (υ w ) and the net rate of energy dissipation per unit water mass (ε).
These are fundamental equations that give the smallest scales of turbulent mixing. The length microscale (η) indicates a division between large eddy sizes and small eddies where viscous dissipation occurs. Working with Equation (3) and recognizing that ε is the power transferred per mass of water and substituting for υ w as equal to μ w divided by the water density, it is shown through Equation (4) that
PRACTICE OF COAGULANT MIXING
It is instructive to summarize the recommended mixing intensity and detention times for coagulant mixing in water treatment practice. One can then later compare these to the theory regarding intensity and coagulation mechanisms, and examine alternatives. 
COAGULATION MECHANISMS AND MIXING THEORY
There are two coagulation mechanisms to consider. The theory pertaining to the destabilization of particles in the source water by charge-neutralization indicates that the efficiency of destabilization depends on mixing intensity. The other mechanism involves precipitation of the coagulant metal into a solid phase, referred to as sweep-floc coagulation. For this mechanism, the efficiency of coagulation does not depend on mixing intensity.
Charge-neutralization of particles
This mechanism assumes that only the particles in the source water are being treated by coagulation. Here, the coagulant contains positively-charged species that adsorb onto the negatively-charged particles. At the proper coagulant dose, there is sufficient adsorption to produce a netparticle charge near zero. With the charge-neutralization coagulation mechanism there is little or no complexation between the coagulant metal and dissolved natural organic matter (NOM) acting as a ligand. The concept of intense mixing with respect to this mechanism follows.
In their landmark paper, Amirtharajah & Mills () used alum to describe hydrolysis of Al and formation of cationic species (pH conditions at which they exist is discussed below) at a time scale less than a second, as depicted in Figure 2 . The idea then is to achieve high particle destabilization rates with the adsorption of the positively-charged coagulant onto negatively-charged particles by intense mixing so that the microscale eddy is small and mass transport of the coagulant species to the particle surface is favored by turbulent diffusion, as shown previously in theory and showed that mixing conditions that produced eddy sizes (η) of about 1-3 times the particle size should be avoided. They found for alum, used under charge-neutralization conditions, that destabilization rates using rapidmixing tanks were enhanced for intense mixing with G of 700-1,000 s -1 .
Applications and limitation of charge-neutralization coagulation and mixing
The charge-neutralization mechanism applies only to water supplies with low dissolved organic carbon (DOC) for PACl) dominate for charge-neutralization as depicted in Practically, the PACl dose should be kept low. Chargeneutralization coagulation also applies to the use of cationic organic polyelectrolytes (polymers) at low-product mass concentrations of a few mg/L or less. Some literature claims that charge-neutralization of particles using iron coagulants also applies; however, the author disagrees because Fe is so insoluble it is difficult to avoid precipitation unless used at acidic pH conditions (less than 5) at low concentration.
Overall, the charge-neutralization application is restricted mainly to direct filtration to treat low turbidity and low total organic carbon (TOC) water supplies. Another possible application is the coagulation of solids in softening plants if one uses an organic-cationic polymer.
Coagulation by metal precipitation
Most water supplies, say 90% or greater, have sufficient TOC (2-3 mg/L and greater) and a NOM composition so that the coagulant dose is controlled by the TOC, not particles. Furthermore, when the metal coagulant is added, it is complexed by organic ligands such as humic substances composing a fraction of the NOM, and it is not available to adsorb on particles in a charge-neutralization mode. The DOC or TOC creates a coagulant demand that must be satisfied. When a sufficient metal coagulant dose is applied to satisfy this demand, then a solid phase is formed which we refer to as sweep-floc coagulation. G of 300 s -1 compared to mixing at higher G. In short, intense mixing is not required for sweep-floc coagulation, which is the most widely used coagulation-mechanism application. Furthermore, rapid-mixing basins with mechanical mixers may be used but are not necessary, and so we can consider non-mechanical mixing methods and therefore reduce energy costs.
Mixing characterization and intensity
For the coagulation mechanism of precipitation, intense mixing is not required. What is required is to achieve a uniform dose when the coagulant is added to the water flow, and it is desirable to achieve this in a small volume or short detention time. Some refer to this method of mixing as blending and by others as rapid blending (MWH ).
We can use this terminology if we realize that we are not necessarily describing static mixers, which are sometimes called in-line blenders.
Mixing efficiency by blending is characterized by the ability to provide a uniform concentration of the coagulant dose in space and time by a statistical measure, the coeffi-
cient of variation ((COV), MWH ). COV is defined by
Equation (5) the COV. Later, when the plant is built, the COV can be determined from measurements as described above, and compared to the CFD estimate.
Measurement of a metal coagulant in the exit of a mixing process can be difficult and inconvenient because of metal precipitation, an alternative is to use a tracer (such as fluoride) to determine COV.
COV is a good way to characterize mixing uniformity for coagulation in which the mechanism is precipitation. We cannot relate the COV to the widely used G parameter; however, we know one does not require high G values. As presented earlier, Amirtharajah & Mills () showed that a low G of 300 s -1 was adequate for coagulation by coagulant-metal precipitation. Hence, later in the paper this G value is used to evaluate low-intensity mixing conditions and to compare power requirements and costs to highintensity mixing.
EVALUATION OF MIXING INTENSITY, POWER, AND COSTS
A theme of the paper is that high-mixing intensity is not required for coagulation by metal precipitation (sweep-floc coagulation). Unfortunately, the practice of rapid mixing has been influenced by the theory of mixing intensity according to charge-neutralization of particles even though this coagulation mechanism is most often not applicable to water treatment. Below, high-mixing intensity (for charge-neutralization of particles) is compared against low-mixing intensity (for coagulation by precipitation). For the former, a G of 750 s -1 (widely cited as a typical design guideline, see earlier material) is used, and for the latter a G of 300 s -1 is used recognizing that even lower G may be adequate if we were to use the COV to characterize the uniformity of mixing rather than G. Figure 4 shows the flow patterns produced by two types of mixers that are commonly used. These mixers can provide intense-mixing conditions. A single rapid-mixing stage is illustrated in the figure, but often rapid-mix tanks are baffled into two or three stages (all with mechanical mixers) allowing for coagulant addition, pH control with acid or base, and sometimes addition of organic polymers. In water treatment practice, the velocity gradient (G) is used to characterize the mixing intensity and is set at a design value. The power of the motors required is calculated from Equation (1) There are several disadvantages to rapid-mixing tanks as pointed out by Kawamura () and MWH (). One major disadvantage of rapid-mixing tanks is that the power is being applied to a relatively large volume in order to house the mechanical mixer. This is inefficient because G depends on the square root of the power supplied per water volume (Equation (1)) so larger volumes require more power to achieve a specified design value for G. lower G of 300 s -1 that is considered for low-mixing intensity for coagulation by precipitation. In the top figure, while a G of 750 s -1 is 2.5 times greater than a G of 300 s À1 , the power requirements are 6.25 times greater because the dependence varies by the square of the ratio of G values. Consequently, using low mixing intensity results in a considerable reduction in power requirements.
Rapid-mixing tanks
Furthermore, as stated above, the average daily flow (Q avg ) should be used to size the tank, not the plant capacity or maximum daily flow (Q max ). Table 1 Another point is that by designing the size of the rapidmixing tank based on the average daily flow, then for greater plant flows the velocity gradient is not affected and the detention time decreases, which is beneficial for coagulation.
Hydraulic methods of coagulant mixing
There are many non-mechanical or hydraulic methods that can be used to mix the coagulant. Two methods are illustrated in Figure 6 : water falling over a weir and a Venturi and turns, and head loss through static mixers), the power is calculated from Equation (6), where h is the change in hydraulic head. Substituting for P in Equation (1), we obtain Equation (7) for G for non-mechanical or hydraulic mixing processes, where t is the mean water detention time.
From Equation (7) we see that G depends on the energy transferred (dissipated) to the water per time. For rapid mixing tanks with volume (V ) sufficient to house the mixer, one has relatively large V and mixing time (10 s or more). However, with hydraulic mixing, the mixing times are small at about 1 to several seconds depending on the method. It is much more efficient to mix a small volume (small detention time) that one has with hydraulic methods than the large volume (large detention time) that one has with rapid-mixing tanks. With small detention times for hydraulic methods of mixing, we can achieve satisfactory G values as illustrated next. mixing (short detention times), these hydraulic methods produce excellent coagulant-mixing conditions and high G
values. Figure 9 also shows G values for pipe-static mixers.
High G values are attained because of the high head loss and short mixing times. In most coagulation applications, which involve the mechanism of metal-coagulant precipitation, one does not require these high G values. What is important is that these hydraulic methods achieve a uniform coagulant concentration, which can easily be measured at the water plant and the mixing uniformity characterized by COV as described earlier. 
CONCLUSIONS
Several major conclusions and important applications to water treatment practice result from this paper. 3. A disadvantage of rapid-mixing tanks is that the power is applied to a relatively large volume in order to house the mechanical mixer. This is inefficient because larger volumes require more power to achieve a specified design value for G. 
